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Dynamic input capacitance of single-electron transistors
and the effect on charge-sensitive electrometers
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We examine the ‘‘input capacitance,’’CSETT, of a single-electron tunneling~SET! transistor. We
note that this quantity is crucial in quantifying the sensitivity of a SET transistor used as a charge
electrometer. Further, we point out thatCSETT is not the same as the ‘‘gate capacitance,’’CG ,
usually taken to bee/DVG , whereDVG is the period of the oscillation in current versus gate
voltage. WhileCG is indeed the average value ofCSETT over one period,CSETT can in fact differ
substantially from that value, depending on the applied voltages. This has important consequences
for maximizing the sensitivity of SET charge electrometers when a large stray capacitance is
present. @S0021-8979~00!07812-9#
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I. INTRODUCTION AND MOTIVATION

In the past decade, electronic devices based on me
insulator–metal tunnel junctions, using the Coulom
blockade1,2 of electrons, have been fabricated with stand
thin-film lithography and processing techniques. The C
lomb blockade refers to the fact that, at sufficiently low te
peratures and for sufficiently small devices, electrons
tunnel onto or off of an isolated metal island only in units
one. Here, the size and temperature must satisfy the crite
kT!e2/2CS to prevent thermal smearing; the size constra
is driven by the necessity to minimize the total island capa
tance,CS , which is typically of order 0.1 fF~corresponding
to a Coulomb energye2/2CS of order 1 meV or 10 K!.

Single-electron tunneling~SET! transistors are three
terminal devices based on two tunnel junctions in ser
with a separate capacitive gate to the central island@see Fig.
1~a!#. A basic manifestation of the Coulomb blockade is th
for certain values of voltagesVG andVS2D , very little cur-
rent will occur from source to drain—the flow is ‘‘block
aded.’’

For instance, in the Fig. 1~b!, we see that the curren
I S2D between source and drain oscillates between minim
~the blockaded regime! and maximum, with a period tha
corresponds to increasing by one the average number of
trons on the island. This ‘‘SET oscillation’’ is the basic d
vice modulation that affords the potential as a charge e
trometer: One can typically resolve a relative change inI S2D

of less than or order 1023, and thus can measure a char
flow onto the gate capacitance of less than or of order 1023e.
This exquisite sensitivity is about five orders of magnitu
better than conventional solid-state metal–oxid
semiconductor field-effect transistor~MOSFET!-type tran-
sistors.

a!Electronics and Electrical Engineering Laboratory, Technology Admin
tration, U.S. Department of Commerce; Electronic ma
neil.zimmerman@nist.gov; URL: http://www.eeel.nist.gov/811/gem
set.html
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One of the practical requirements of the SET transist
is that, because the total SET island capacitance3 CS52CT

1CG must be kept small, the gate capacitance,CG , must be
small; typically, the maximum value is about 1 fF.4 This
small value can cause a very large decrease in the sensi
of the SET transistor as a charge electrometer, because
of the charge will flow to the~typically much larger! stray
capacitance to ground. As an example, one applica
~which NIST is presently pursuing! is to develop a capaci
tance standard based on electron counting;5,6 in this case, we
have the exact situation of a SET electrometer with a la
parallel stray capacitance limiting the sensitivity.4 In fact, the
sensitivity is decreased by about a factor of 104 due to the
stray capacitance,4 and the overall resolution of this standa
is presently limited by the electrometer sensitivity.6

A generic schematic of this situation will be as shown
Fig. 2~a!, with the addition of the elements outside the dott
box. Here, we have denoted a charge source as a vo
source,VC , and the coupling capacitor,CC , together with
the stray capacitance to ground,Cstray, ~a single lumped el-
ement representing the charge distributed along the wirin!.
Typical minimum values forCstrayare of order 10 fF for both
charge source and electrometer microscopic elements on
same chip~substrate!, and 10 pF for wiring between charg
source and electrometer running off the chip.7 Note that
these minimum values are much larger than the typical m
mum CG of 1 fF.

The result of the large ratio betweenCstray and CG is
that, as mentioned above, most of the charge from a cha
in VC or CC will flow to Cstray, not CG . We now define the
input capacitance,CSETT, of the SET electrometer as ind
cated in Fig. 2~b!: CSETT is the effective capacitance betwee
the gate capacitor and ground, or in terms of the parame
in Fig. 2~a!, CSETT[dQG /dVG . It is a dynamic capacitance
in the sense that, as we shall shortly see,CSETT changes its
value as the gate voltage,VG , changes~or equivalently from
a change inVC or CC).
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We note that, for most applications we have in mi
~including the electron counting capacitance standard!, the
SET electrometer will be used as a null detector with fe
back, so that the measurement is of a chargeQC or QG

which is not changing. For example, in Fig. 2~a!, we would
feedback a control signal that would result in maintaini
QC , the charge onCC , at a fixed value; in this sense th
electrometer is used as a null detector, only measu
changes inQG . Thus, the application does not in gene
require anaccuratemeasurement ofQC ~which would re-
quire accurate knowledge ofCstray and CSETT); rather, we
only require the ability to resolve a small change inQC , in
order to perform the function of a null detector. Thus, t
sensitivity we discuss herein refers to a minimum resolut
of change inQC or QG .

It is now clear from Fig. 2~b! how the stray capacitanc
decreases the sensitivity: the charge which we wish to se
QC , is split into the charges on the stray and gate cap
tances as indicated. It easy to show that

QG5QC@CSETT/~CSETT1Cstray!#

'~CSETT/Cstray!QC!QC ; ~1!

note thatCSETT/Cstray is a small fraction.

II. INPUT CAPACITANCE: SIMPLE CONSIDERATIONS

We now wish to estimateCSETT in terms of the known
parameters. There are two obvious possibilities:

FIG. 1. ~a! A schematic of a SET transistor. The two tunnel junctions isol
the central SET island. For the appropriate choices of parameters, th
number of electrons on the island is quantized in units of one, because
is insufficient energy for an extra electron to tunnel onto or off of the isla
~b! Example of a measurement of source-drain current,I S2D , versus gate
voltage,VG , showing the periodic modulation; each period correspond
increasing the average number of electrons on the island by one.
Downloaded 24 Jan 2001  to 129.6.64.192.  Redistribution subject to
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~1! For large amounts of charge transfer such thatQG

@1e, the net change in the potential on the SET island
small compared to the change inVG ; essentially all of the
extra charge resides onCG , and thus the charge-average
value ~averaged over many periods! is

CSETT'CG .

This result is the reason that the period of the SET
cillations ise/CG .

~2! What isCSETT for small amounts of charge transfe
The answer is that it depends, via the details of the tunne
through the tunnel junctions, on the value of the island p
tential, Visl . In particular, we note that, from Fig. 2~a!, it is
clear thatQG5CG(VG2Visl).

When there is no tunneling~i.e., the blockaded region!,
the tunnel junctions appear as if they are pure capacitors,
in that region an expression forCSETT results simply from
the parallel-series combination of capacitances3 ~we can set
the source potential to ground without loss of generality!:

CSETT'
2CT

CG12CT
CG . ~2!

We note that this estimate ofCSETT is always less thanCG .
We also note that, in order to maximize sensitivity wh
minimizing thermal smearing, the general tendency would
to fabricate a device with relatively largeCG and smallCT .
This implies that we will often have the situation whe
CSETT!CG .

We can also estimateCSETT in the tunneling~nonblock-
aded! region: First of all, in order to maintain the averag
value of CSETT as CG , it is clear that in this region,CSETT

must be greater thanCG . We have CSETT[dQG /dVG

5CG(12dVisl /dVG). We can obtain a rough estimate fo

FIG. 2. ~a! A schematic of a SET transistor as a charge electrometer.
charge source is represented as a voltage sourceVC followed by a coupling
capacitor,CC . ~b! A schematic of the SET transistor with all of the capac
tances lumped intoCSETT. A change in eitherVC or CC causes a chargeQC

to flow to the common node. This charge distributes itself on the stray
gate capacitances as indicated.
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FIG. 3. ~a! Top to bottom~see Ref. 8!. Gate charge,QG , relative input capacitance,CSETT/CG , ~derivative of top panel!, source-drain current,I S2D ,
derivative ofI S2D , and the sensitivity parameterx5@dIS2D /d(CGVG)# (CSETT/CG), all as a function ofVG; VG is swept over a range corresponding
a change by two in the average number of electrons on the island@D(CGVG)52e#. The solid line in the top panel is a straight line with a slope of o
~corresponding toCSETT5CG). The solid line in the middle panel is a sliding average of the data, from which the derivative in the next panel is calc
The arrows in the bottom panel denote the positions where the derivative ofI S2D is a maximum. The parameters of this simulation are:CG51 fF, CT

510 aF,R5100 kV, VS2D50.05 mV,T50.1 K. The salient features include:~1! the gate charge,QG , is essentially unchanging in the blockaded regio
~whenI S2D is small!, since the input capacitance,CSETT, is dominated by the tunnel junction capacitances,CT , which are much smaller thanCG ; ~2! CSETT

varies from about 2CG to a small fraction ofCG @note that 2CT /(CG12CT)'0.02]; ~3! the places where the slope ofI S2D is maximized~arrows at bottom!
are not wherex is maximized.~b! Similar to ~a!, with tunnel junction capacitance values of 500 aF~Ref. 8!.
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dVisl /dVG as follows: with the total island capacitance,CS

[2CT1CG , the island potential decreases by about (e/2)
3(1/CS) between minimum and maximum tunneling, a
this change occurs over a change inVG of about 1/4(e/CG).
Then, approximatingVisl(VG) as linear in this region, we ge
dVisl /dVG'(2e/2CS)/(e/4CG)522CG /CS , or CSETT

'CG(112CG /CS); for a typical value ofCT'1/2CG , this
will result in CSETT'2CG .

III. INPUT CAPACITANCE: SIMULATIONS

By considering some simple simulations,8 we can see in
some detail how the input capacitance,CSETT, depends on
various parameters. First, we note that the desired meas
ment is ofQC , and thus the salient sensitivity parameter~in
the presence of a largeCstray) is dependent onVG andVS2D

by two factors: the first is the uncertainty in the measurem
of QG , which is inversely proportional to the slope of th
current, udIS2D /d(CGVG)u. The second is the decrease
the sensitivity due to the stray capacitance@Eq. ~1!#, propor-
tional toCSETT/Cstray. Thus, we define the sensitivity param
eter
Downloaded 24 Jan 2001  to 129.6.64.192.  Redistribution subject to
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x5udIS2D /d~CGVG!u~CSETT/CG!;

we wish to examine the dependence ofx on VG andVS2D .
We first look at a fairly extreme example, whereCG

51 fF, and CT510 aF, seen in Fig. 3~a!. We note that,
because the temperature of 0.1 K is fairly small compared
the Coulomb energy, the blockade regions are fairly bro
and deep~middle panel!. Also, because the ratio 2CT /(CG

12CT)'0.02 is fairly small,QG ~top panel! appears flat in
the blockaded regions, and thus the input capacitance~sec-
ond panel! also has broad regions where it is very small
comparison toCG—if we operated the electrometer in thes
regions, the sensitivity would be decreased by this very sm
CSETT.

We note that the positions inVG where the slope
udIS2D /d(CGVG)u is maximum~arrows at bottom! are not
coincident with the maxima ofCSETT; thus, the positions to
maximize udIS2D /d(CGVG)uCSETT are not the positions o
maximum slope. In fact, in this example, we would lose
factor of about 1/5 in sensitivity if we operated at the po
tions of maximum slope.

Figure 3~b! shows similar qualitative features, for th
 AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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case withCT50.5 fF ~approximately the values used in th
electron-counting capacitor standard experiment!.

Finally, Fig. 4 shows dependences of some of these
rameters on the bias voltage,VS2D . To get this plot, for each
value of VS2D , we have used plots like Fig. 3 to find th
value of VG which maximizesudIS2D /d(CGVG)u and x;
note that this maximization means that different data po
correspond to different values ofVG . We note that anothe
possible sensitivity parameter, the maximum amplitude
the current oscillationDI S2D , has a shape very similar to th
slope, and thus using the amplitude as the criterion for de
operation would lead to the same choice ofVS2D as the
slope. We see that, for Fig. 4~a!, with CT510 aF, similar to
the dependence onVG @see Fig. 3~a!#, the maxima in these
parameters do not occur at the same points. In particular
amplitude ~not shown! and slope reach their maxima at
bias voltage,VS2D , wherex has already lost a fraction of it
value. Figure 4~b! shows similar results for the case ofCT

50.5 fF.
We also note that as expected from the above, the

hancement ofCSETT in the nonblockaded regions ofVG

FIG. 4. ~a! Dependences~see Ref. 8! of two possible sensitivity parameter
~slope of current oscillations and parameterx!, maximized with respect to
gate voltage,VG , ~separately for each data point!, as a function of bias
voltageVS2D . Note the~1! x peaks somewhat before the slope and a
before the amplitude of current oscillations~not shown!, and that~2! x is
always bigger than the slope, showing the enhancement due toCSETT. CG

51 fF, CT510 aF,R5100 kV, T50.1 K. ~b! Similar, CT5500 aF~see
Ref. 8!.
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causes the maximum sensitivity to be always be bigger t
the maximum slope~although in some regions by no mor
than 15%!.

IV. SUMMARY

We have shown that:
~1! Due to the periodic modulation of the island pote

tial, Visl , the effective input capacitance,CSETT, varies
markedly over one period inVG , from a small fraction of the
nominal gate capacitance,CG , to about twiceCG .

~2! This periodic modulation ofCSETT has a linearly pro-
portional effect on the sensitivity of a SET transistor used
a charge electrometer, when the stray capacitance to gro
is large compared toCSETT ~often the case!.9–11

~3! Fortunately, the value ofCSETT reaches a maximum
in gate voltage quite near the maximum in the derivative
current versusVG . Thus, the modulation ofCSETT causes a
small enhancement of the overall sensitivity.

~4! As seen in Figs. 3~a! and 4, the choice of the contro
voltages is more important than might be thought in the
sence of this effect, sinceCSETT falls off quite rapidly with
VG andVS2D in some cases.

As a conclusion, although the enhancement effects
this article appear to be fairly small, they may be significa
in cases where the resolution of the experiment is limited
the sensitivity of the electrometer.6 Perhaps more impor
tantly, by recognizing the effect ofCSETT, we can avoid the
mistake of choosing values of the gate or source-drain v
ages which at first sight would appear to be close to o
mum, but which would significantly degrade the sensitivi
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